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Bacterial exudates can play a role inmetal reduction andmineral dissolution. Exudateswere collected fromnon-
metabolizing Gram-positive (Bacillus subtilis) and Gram-negative (Shewanella oneidensis) bacterial species by
suspending and rotating 40, 80, or 100 g (wetmass)/L bacteria in NaClO4 solutions of 0.01, 0.1, or 0.3 M for 2.5 h,
and removing the cells by centrifugation. Exudate solutions were analyzed for total organic carbon
concentrations, which varied as a function of bacterial type and concentration. However, FTIR spectra of all
exudate samples were essentially identical under all experimental conditions. Potentiometric titrations of the
exudate solutions were conducted for each of the bacterial concentrations and ionic strength conditions
examined, for both of the bacterial species. Both ‘up-pH’ and ‘down-pH’ titrations were conducted to determine
the extent of reversibility of the proton binding reactions, and titration data were modeled using a discrete-site
modeling approach to determine the number of discrete proton-active functional groups required to account for
the observed buffering capacity and to place quantitative constraints on values of the acidity constants and site
concentrations for the proton binding sites. A 3-sitemodelfit the titration data the best, and the calculated acidity
constant values did not vary significantly as a function of bacterial species studied, ionic strength, or quantity of
biomass used to generate the exudate solution. The calculated site concentrations variedwith ionic strength and
bacterial species.B. subtilis exudates showed adecrease in total site concentrationswith increasing ionic strength,
and S. oneidensis showed an increase with increasing ionic strength; however, the range of total site
concentrations was similar for both species. Total buffering capacities and site concentrations for the exudates
were approximately one order ofmagnitude lower than those previously determined for bacterial cells per gram
of bacteria but were within the ranges of those calculated for EPS and humic substances.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bacteria play an important role in many environmental processes
including adsorption and/or reduction of metals (e.g., Beveridge and
Murray, 1976; Lovely, 1993; Brown and Parks, 2001; Newman and
Banfield, 2002; Borch et al., 2010); precipitation or dissolution of
minerals (e.g., Fortin and Beveridge, 1997; Bennett et al., 2001); and
the degradation of natural organic matter and certain anthropogenic
contaminants (e.g., Young et al., 2005; Mrozik and Piotrowska-Seget,
2010; Tiquia, 2010). Most of these processes involve the bacterial cell
wall and/or bacterial metabolism directly. However, bacteria, through
active metabolic processes or through lysis and decay, exude a wide
range of organic molecules, and there is growing evidence that these
bacterial exudates also can contribute to important geochemical
processes. For example, metal reduction can occur in the presence of
bacterial exudates, as in the case of Pu(VI) reduction to Pu(V) by
Bacillus subtilis exudates (Ohnuki et al., 2007). In addition, bacterial

exudates have been shown to accelerate mineral dissolution rates and
to increase the extent of dissolution (Lee and Fein, 2000; Perry et al.,
2003, 2005; Pokrovsky et al., 2009). The exudates in these studies are
dissolved organic molecules exuded from whole cells and are not the
same as the non-aqueous extracellular polymeric substances (EPS)
which are often produced by bacteria and are an important
component of biofilms. The observed effects of the bacterial exudates
suggest that they contain proton-active organic acid functional groups
as these are the most likely means of interacting with metals and
mineral surfaces.

Despite the indications that bacterial exudates can affect geochem-
ical processes, there has been virtually no work conducted to quantify
their environmental concentrations or characteristics. The objective of
this study is to use FTIR spectrometry to provide an initial qualitative
description of the exudate molecules and to use potentiometric
titrations to determine if the molecules contain proton binding sites
and to characterize the acidity constants and the concentrations of those
sites. Exudates are defined here as dissolved bacterial material from the
cell surface and/or material from the cell cytoplasm which enters
solution as a result of cell lysis or passive excretion. No effort is made
here to differentiate amongst the different components, as all of these
types of molecules are likely to be present in natural systems. We
studied the exudates from a Gram-positive and a Gram-negative
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bacterial species to better understand how the differences in cell wall
characteristics may influence the properties of bacterial exudates, and
we examined the exudates produced at different bacterial concentra-
tions and ionic strengths in order to determine the effects of changing
solution chemistry on the production of bacterial exudates and to better
constrain our thermodynamic modeling. The results represent a
framework for understanding the effects of bacterial exudates on
geochemical processes and provide a basis for quantitative modeling of
metal interactionswith the proton-active sites within the exudates.We
use the results to compare the proton binding behavior of bacterial
exudates with that of bacterial cells, as well as with that of EPS and
humic substances.

2. Materials and methods

2.1. Experimental

2.1.1. Bacterial growth and exudate preparation
The bacterial species used in these experiments were the aerobic,

Gram-positive soil bacterium Bacillus subtilis and the facultatively
anaerobic, Gram-negative bacterium Shewanella oneidensis MR-1,
originally collected from lake sediment. The cell wall constituents and
reactivity of B. subtilis (Beveridge and Murray, 1980; Fein et al., 2005)
and S. oneidensis (Venkateswaran et al., 1999; Ha et al., 2010; Mishra
et al., 2010) have been well characterized. B. subtilis and S. oneidensis
were initially grown aerobically in 3 mL of trypticase soy broth (TSB)
spiked with 0.5% yeast extract (YE) at 32 °C with shaking for 24 h.
Bacteria were then transferred to 2 L of the TSB/YE solution to grow
under the same conditions and harvested after 24 h once reaching the
stationary growth phase. The washing procedure consisted of
centrifugation at 8500 rpm, followed by resuspension of the cells in
a NaClO4 solution of the desired ionic strength, repeated five times.

The exudate solutions were prepared by suspending bacteria in a
NaClO4 solution of the same ionic strength with which they were
washed, allowing the bacteria to soak for 2.5 h, and separating the
bacterial cells by centrifugation (for images of the cells removed during
centrifugation see Figure S1). Although it is possible that some of the
exudedorganicswere colloidal,we refer to themasdissolved anddefine
that to include allmaterial in the supernatant that is not removed byour
centrifugation step. Exudate solutions were made from bacterial
suspensions of either B. subtilis or S. oneidensis in 0.01 and 0.1 M
NaClO4 at 40, 80, and100 g/L bacteria (wetmass) and in 0.3 MNaClO4 at
100 g/L (wet mass). Each bacterial suspension was adjusted to pH 5.5
using aliquots of 6 M HNO3 and rotated for 2.5 h, with pH readjusted
every 30 min. After rotating for 2.5 h, the bacterial suspension was
centrifuged at 10,000 rpm for 10 (B. subtilis) or 20 min (S. oneidensis) to
remove the bacterial cells. The centrifuge times differed for the two
bacterial species because the S. oneidensis supernatant still contained
visible non-dissolved components after 10 min, whereas the B. subtilis
supernatant had become clear. Thus, a longer centrifuge time was
deemed necessary for S. oneidensis; after centrifuging for 20 min, the S.
oneidensis supernatant also became clear. After the bacteria were
removed from their electrolyte soaking solutions via centrifugation, the
remaining supernatant contained bacterial material from the cell
surface and/or material from the cell cytoplasmwhich entered solution
as a result of cell lysis or passive excretion. No effort was made to
determine the exact location on and/or in the bacterial cells thatwas the
source for these materials. The supernatant or ‘exudate’ solution was
decanted and used to conduct potentiometric titrations. A portion of the
exudate solutionwas also diluted for measurements of the total organic
carbon concentration ([TOC]) (Shimadzu TOC-V), and the remaining
solution was frozen and then freeze dried for FTIR analysis (Bruker
Tensor 27with PlatinumATR). FTIR spectrawere baseline corrected and
normalized to the height of the 1090–1062 cm−1 peak to account for
variations in the strength of the absorbance of each sample.

2.1.2. Potentiometric titrations
Potentiometric titrations were conducted on the exudate solutions

with a Radiometer Analytical ABU91 titrator. The automated burette
assembly added aliquots of 1.041 N HCl or 1.030 N NaOH (Sigma-
Aldrich; St. Louis, MO) with a potentiometric stability of 0.01 mV/s
required between additions. Each exudate solution was first acidified
to pH 2.5. A forward or ‘up-pH’ titration was then conducted by
basifying to pH 10, and the pH and volume of base added were
recorded at each step. Similarly, a reverse or ‘down-pH’ titration was
conducted for each solution by acidifying back to pH 2.5, again
recording pH and volume of acid added at each step. Four NIST-
standard pH buffer solutions (pH 1.68, 4.01, 7.00, and 10.00) were
used to calibrate the changemeasured by the electrode after each acid
or base addition (in mV) to pH units. Prior to each titration, the
exudate solutionwas purgedwith N2 gas for at least 30 min to remove
dissolved CO2, and titrations were conducted in a closed polypropyl-
ene titration vessel into which N2 gas was continuously supplied to
the headspace to further exclude atmospheric CO2. A small, Teflon-
coated magnetic stir bar continuously stirred the solutions through-
out the titration. Titrations of a given exudate solution were
conducted in duplicate, and each set of conditions (ionic strength,
bacterial type, and bacterial concentration) was examined in at least
duplicate (i.e., from at least two separate bacterial batches).

In order to compare our exudate titration data with titration data
previously collected for bacterial cells, the titration results were
normalized and presented as

Ca−Cbð Þ= g=L bacteriað Þ ð1Þ

where Ca is the total concentration of acid added to the system and Cb
is the total concentration of base added, both in moles per L. (g/L
bacteria) represents the concentration of bacteria that was used to
generate the exudate solution in question (g of bacteria, wet mass, per
L solution). The total buffering capacity of each exudate solution (in
moles per g bacteria) over the pH range of 3 to 9 was also calculated
from the titration data for comparison purposes by subtracting the
value of (Ca−Cb)/(g/L bacteria) at pH 9 from its value at pH 3.

The exudate titration data were also normalized for comparison to
data collected previously for EPS and for humic substances according
to the following expression:

Ca−Cbð Þ= g=L exudateð Þ ð2Þ

where (g/L exudate) is the concentration of exudate (g of exudate per L
solution) in the electrolyte solution, as determined by direct measure-
ment of dissolved mass in control exudate solutions. These controls
were generated for both B. subtilis and S. oneidensis from80 g/L bacterial
suspensions in 0.1 M NaClO4. A known volume of each control exudate
solution was placed into a test tube and then freeze-dried, followed by
drying overnight in an oven at 50 °C. The mass of the HNO3 that was
used to adjust the pH of the suspension was explicitly included in the
calculations of the exudate mass. Triplicate samples were prepared in
this manner for exudate solutions for each bacterial species. In addition,
an exudate-free background solutionwas treated in the samemanner to
determine the contribution of NaClO4 to the dry exudate mass. For the
comparisons toEPS andhumic substances, the total buffering capacityof
each exudate solution (in moles of sites per g exudate) was calculated
over the pH range of 4 to 9 by subtracting the value of (Ca−Cb)/(g/L
exudate) at pH 9 from its value at pH 4. The uncertainties associated
with the calculated buffering capacities that we report are 1 σ errors
calculated using an n−1 standard deviation equation from forward and
reverse replicate titrations collected under the same experimental
conditions.
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2.2. Chemical equilibrium modeling

Chemical equilibrium modeling was conducted using FITEQL 2.0
(Westall, 1982) with a discrete site model of the reactivity of the
bacterial exudate functional groups. Potentiometric titration experi-
ments are essentially proton adsorption measurements, but they are
conducted in systems in which it is impossible to keep track of the
total absolute concentration of H as one might do with a bulk metal
adsorption experiment (Westall et al., 1995; Fein et al., 2005).
Therefore, instead of constraining the calculations using a mass
balance on the total absolute H concentration, modeling of potenti-
ometric titration data uses a mass balance on the excess/deficit of
protons associated with the titrated molecules relative to an
arbitrarily defined zero proton condition. In this study, in parallel
with potentiometric titration experiments involving bacterial sus-
pensions (e.g., Fein et al., 2005), we define the zero proton condition
as that at which the binding sites on the bacterial exudates are fully
protonated. We model the proton buffering behavior of the exudate
molecules as simple organic acid functional group sites, where the
deficit of protons is represented as:

R−LiH
0↔R−L−i + Hþ ð3Þ

where Li represents a proton-active functional group type, and R
represents the exudate molecule to which the functional groups are
attached. The equilibrium constant for Reaction (3), termed the
acidity constant, is expressed as:

KaðiÞ¼
aR�L�i

aHþ

aR�LiH
0

ð4Þ

where a represents the activity of the subscripted component in
solution, and activity coefficients of neutral species are assumed to be
1. Equilibrium constants for the dissociation of water and sodium
hydroxide were obtained from Martell and Smith (2001). Activity
coefficients for ionic aqueous species were calculated using the Davies
equation within FITEQL (Westall, 1982).

The potentiometric titration data were used to solve for the pKa(i)

values, as well as for the concentrations of each site type, i. The
calculated site concentrations were normalized to the initial bacterial
concentration in g per L used to generate each exudate solution, aswell
as to g exudate per L solution. For comparison purposes, the total site
concentration was calculated for each dataset and averaged for each
experimental condition. Models with 1 to 5 discrete proton binding
site typeswere tested for their fits to themodel data. The goodness-of-
fit of eachmodel for each titration datasetwas determined based upon
the calculated variance parameter, V(Y), as calculated by the FITEQL
program. A V(Y) value of 1 indicates a perfect fit, with values much
greater than 1 indicating an inappropriatemodel and valuesmuch less
than 1 indicating a model with too many adjustable parameters;
values from 0 to 20 can be considered good fits (Westall, 1982).

3. Results and discussion

3.1. Exudate solutions

B. subtilis exudate solutions were clear and colorless; S. oneidensis
exudate solutions were also clear but with a reddish-orange color,
which darkened with increasing initial bacteria concentration. During
purging with N2 gas, B. subtilis solutions became much frothier than
S. oneidensis solutions. These differences could result from differences
in composition as well as differences in the concentration of material
in solution. Changes in the total organic carbon concentration [TOC] of
the exudate solutions under the range of experimental conditions are
shown in Fig. 1. Compared to B. subtilis exudate solutions, S. oneidensis
solutions were lower in [TOC] (by at least half) under all conditions,

and [TOC] values increased with increasing initial bacterial concen-
tration. There does not appear to be a significant [TOC] dependence on
ionic strength. Qualitatively, the FTIR spectra of the freeze-dried
exudate solutions (Fig. 2) were similar for both bacterial types. The
same major peaks were present in samples of exudate solutions from
both bacterial species, and although there are some differences as a
function of ionic strength, there is no consistent ionic strength
dependence. The position of the peaks also does not vary significantly
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Fig. 1. Bacterial exudate TOC data. Measured [TOC] (ppm C) as a function of the initial B.
subtilis (diamonds) or S. oneidensis (squares) concentration at 0.01 M (black), 0.1 M
(gray), or 0.3 M (white) NaClO4. The dashed lines separate the field for the B. subtilis
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as a function of ionic strength or initial bacterial concentration. These
bacterial exudate spectra have a strong group of peaks in the range of
1467–1276 cm−1 which are indicative of polysaccharides, as are the
peaks at 933, 898, and 835 cm−1 (e.g., Brandenburg and Seydel, 1996;
Yang and Zhang, 2009). The peaks at 1635 and 1580 cm−1 have been
assigned to Amide I and Amide II, respectively, and FTIR spectra of
bacterial cell walls and cell wall fragments also show Amide I and II
peaks from the bacterial membrane proteins (e.g., Haris and
Chapman, 1996; Jiang et al., 2004). However, the exudate spectra
differ in that their polysaccharide peaks from 1467–1276 cm−1 are
much stronger than those of bacterial cell walls (e.g., Naumann et al.,
1996; Jiang et al., 2004).

3.2. Exudate titrations

Forward and reverse titrations of both B. subtilis and S. oneidensis
exudate solutions (Figs. 3 and 4) showed full reversibility of the proton
binding reactions on the timescale of the experiments. Experimental
replicates from the same exudate solution, as well as from exudate
solutions made at the same conditions but from a different bacterial
batch, also generally showed good agreement (data not shown). The
bacterial exudates exhibited a significant buffering capacity over the pH
range examined in this study (2.5–10). In order to compare the
buffering capacity of bacterial exudates to that typically exhibited by
bacterial cells, the total buffering capacity of the exudate solutions from
pH 3 to 9 was averaged for each combination of bacterial type, bacterial
concentration, and ionic strength and compared to the total buffering
capacity over the same pH range from potentiometric titrations
performed previously on B. subtilis (Fein et al., 2005) and S. oneidensis
(Mishra et al., 2010) bacterial cell suspensions (Table 1). This
comparison ismeaningful because the buffering capacity of the exudate
solutionswas normalized to themass of bacteria used to generate those
solutions, so the comparison relates the buffering capacity of a cell
suspension to the buffering capacity of the exudate solution generated
by that same concentration of cells.

Themass normalized buffering capacities of the exudate solutions in
this study were fairly close to one another, ranging from 2.75 to
7.83×10−5 mol/g. The exudate buffering capacities were approximate-
ly an order of magnitude lower than those exhibited by B. subtilis (1.6–
2.8×10−4 mol/g) and S. oneidensis (3.1×10−4 mol/g), as well as the
wide range of bacteria compared by Borrok et al. (2005). The buffering
capacities of the exudate solutions made from different bacterial
concentrations at a given ionic strength showed a slight decrease with
increasing bacterial concentration inmost cases (e.g., the total buffering
capacity of the B. subtilis exudate decreased from 6.02±0.32×10−5

mol/g at 40 g/L to 3.85±0.42×10−5 mol/g at 100 g/L, and the
S. oneidensis exudate capacity decreased from 5.97±0.39×10−5 mol/g
at 40 g/L to 4.43±0.50×10−5 mol/g at 100 g/L).

There were also significant changes in buffering capacity with
increasing ionic strength, although the effects varied from one species to
the other. The total buffering capacity of the B. subtilis exudates decreased
with increasing ionic strength (e.g., from 7.25±0.60×10−5 mol/g at
0.01 M to 3.85±0.42×10−5 mol/g at 0.1 M to 2.75±0.24×10−5 mol/g
at 0.3 M in the 100 g/L exudate solutions). The reverse was true for the
S. oneidensis exudateswith total buffering capacity increasing significantly
with increasing ionic strength (e.g., from 3.04±0.46×10−5 mol/g at
0.01 M to 4.43±0.50×10−5 mol/g at 0.1 M to 6.00±0.45×10−5 mol/g
at 0.3 M in the 100 g/L exudate solutions). However, the buffering
capacities for B. subtilis and S. oneidensis exudates covered essentially
the same range, and total buffering capacity at 0.1 M was similar for
the exudates from both bacterial species. In titrations conducted with
whole but non-metabolizing B. subtilis bacterial cells (Fein et al.,
2005), the effect of changing ionic strength on total buffering capacity
was small relative to the experimental uncertainties. Titrations
conducted on cells of the algal species Pseudokirchneriella subcapitata
in 0.1 M NaClO4 (Kaulbach et al., 2005) showed a total buffering

capacity (~3.7×10−5 mol/g) that was within the range calculated for
our bacterial exudates.

3.3. Titration modeling

Based upon the calculated V(Y) values, the 1- and 2-site models
were deemed inappropriate with average V(Y) values of 590 and
73, respectively. Similarly, the 4-site model showed no significant
improvement in fit over the 3-site model and would not converge
under some experimental conditions, and the 5-site model failed
to converge in all cases. Thus, the 3-site model (average V(Y) of 6.5)
was determined to be the most appropriate under all experimental
conditions (e.g., Fig. 5). The calculated pKa(i) values (negative log Ka(i)
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Fig. 3. B. subtilis exudate titrations. Representative examples of forward (black squares)
and reverse (white triangles) potentiometric titration data from exudate solutions
made using 100 g/L B. subtilis (normalized per g/L bacteria) and a) 0.01 M, b) 0.1 M, or
c) 0.3 M NaClO4.
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values for Reaction (4)) and site concentrations for the forward
titrations do not vary significantly from the corresponding values
calculated for the reverse titrations within 1 σ error. Table 2 shows a
representative example of the relationship between the calculated
values from the forward and reverse titrations for all replicates of a
single experimental condition (100 g/L B. subtilis exudate in 0.1 M
NaClO4), and Tables S1 and S2 provide full comparisons of forward
and reverse averages. Thus, the protonation reactions are fully
reversible on the timescale of these experiments, and both the
forward and reverse titrations reflect equilibrium conditions. Because
of the lack of systematic difference between the forward and reverse
titrations, we combine the results of both forward and reverse
titrations from all replicates of each experimental condition to

calculate average modeling parameters and their corresponding 1 σ
errors (Figs. 6–8; Tables S1 and S2).

The average pKa(i) values and site concentrations for the B. subtilis
and S. oneidensis exudates are all within 1 σ error when compared as a
function of the initial bacterial concentration. Increasing the initial
bacterial concentration should increase the concentration of exudate
in solution without changing its composition; thus, normalizing the
site concentrations to the initial bacterial concentration, as was done
here, should remove any variability due to the initial bacterial
concentration, which does appear to be the case (Figs. 7 and 8).

The average pKa(i) values calculated for the B. subtilis and S. oneidensis
exudate solutionsof varying ionic strength (Fig. 6; Tables S1andS2) are all
within 1σ error at the three pKa(i) values, except for the 0.3 Msolutions at
100 g/L which exhibit slightly, but significantly, different pKa(1) values
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Fig. 4. S. oneidensis exudate titrations. Forward (black squares) and reverse (white
triangles) potentiometric titration data from exudate solutions made using 100 g/L S.
oneidensis (normalized per g/L bacteria) and a) 0.01 M, b) 0.1 M, or c) 0.3 M NaClO4.

Table 1
Total buffering capacity (mol/g) of bacterial exudates and bacterial cells, calculated for
the pH range of 3 to 9.

Bacterial exudatesa Total buffering capacity

B. subtilis
0.01 M, 40 g/L 7.83±0.46×10−5

0.01 M, 80 g/L 5.57±1.11×10−5

0.01 M, 100 g/L 7.25±0.60×10−5

0.1 M, 40 g/L 6.02±0.32×10−5

0.1 M, 80 g/L 4.36±0.26×10−5

0.1 M, 100 g/L 3.85±0.42×10−5

0.3 M, 100 g/L 2.75±0.24×10−5

S. oneidensis
0.01 M, 40 g/L 4.55±0.16×10−5

0.01 M, 80 g/L 3.20±0.19×10−5

0.01 M, 100 g/L 3.04±0.46×10−5

0.1 M, 40 g/L 5.97±0.39×10−5

0.1 M, 80 g/L 4.82±0.35×10−5

0.1 M, 100 g/L 4.43±0.50×10−5

0.3 M, 100 g/L 6.00±0.45×10−5

Bacterial cells Total buffering capacity

B. subtilisb

0.01 M, 75–150 g/L 1.6×10−4

0.1 M, 75–150 g/L 2.8×10−4

0.3 M, 75–150 g/L 2.3×10−4

S. oneidensisc

0.1 M, 50 g/L 3.1×10−4

a This paper.
b Fein et al. (2005).
c Mishra et al. (2010).
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from those calculated for the 0.01 and 0.1 M exudate solutions (e.g., for B.
subtilis, pKa(1) is 4.5±0.2 in 0.3 M but 3.9±0.3 and 4.0±0.2 in 0.01 and
0.1 M, respectively; for S. oneidensis pKa(1) is 4.3±0.2 in 0.3 M but 3.7±
0.2 and 3.8±0.2 in 0.01 and 0.1 M, respectively). However, these
differences are only slightly outside the 1 σ error and, as they are still
within the 2σ error, combined averages fromthe three ionic strengths are
still calculated and compared below.

Ionic strength exhibits a greater influence on the calculated site
concentrations for the individual and total exudate sites than on the
pKa(i) values (Figs. 7 and 8). For the B. subtilis exudate solutions, there is
a decrease in the calculated site 1 concentrations with increasing ionic
strength andonly a very slight decreasewith increasing ionic strength in
the site 2 and 3 concentrations (Fig. 7a–c). The total site concentrations
for the B. subtilis exudates decrease with increasing ionic strength from
7.62±1.60×10−5 to 4.26±0.56×10−5 to 2.76±0.40×10−5 mol/g
bacteria (wet weight) at 0.01, 0.1, and 0.3 M NaClO4, respectively
(Fig. 7d). Conversely, for S. oneidensis, the concentrations for sites 2 and
3 increase significantly with increasing ionic strength, with only a
very slight increase in the site 1 concentrations (Fig. 8a–c). The total site
concentrations in the S. oneidensis exudates increase with increasing
ionic strength from 3.57±0.49×10−5 to 6.05±0.50×10−5 to 8.20±
0.63×10−5 mol/g bacteria (wet weight) at 0.01, 0.1, and 0.3 M NaClO4,
respectively (Fig. 8d).

Although, as we summarized above, some significant differences in
site concentration exist as a function of ionic strength, the ionic strength
dependence is not large for the exudates from either species, and
reasonable estimates of proton binding can be attained over the ionic
strength conditions, and initial bacterial concentrations, from a single
averaged set of pKa(i) and site concentration values for both bacterial
species. Table 3 lists these overall average values. The B. subtilis exudate
has average pKa(i) values of 4.0±0.3, 6.6±0.5, and 9.2±0.1, and the S.
oneidensis exudate has average pKa(i) values of 3.9±0.3, 6.6±0.2, and
9.3±0.1 (Table 3). Thus, the pKa(i) values for the exudates from the two
bacterial species are not significantly different and can be averaged to
yield combined pKa(i) values of 3.9±0.3, 6.6±0.4, and 9.3±0.1. As
mentionedpreviously, theexudates fromthe twobacterial species show
opposite trends in their site concentrations with increasing ionic
strength; however, their total site concentrations cover a similar range
(roughly 2.8–8.2×10−5 mol/g). Combined average site concentrations
for the two bacterial species are 1.85±1.10×10−5, 1.01±0.51×10−5,
and 2.82±1.10×10−5 mol/g for sites 1, 2, and 3, respectively. The
usefulness of the overall averaged model depends upon the specific
purpose of themodeling: a laboratory-scale studywith exudates from a
single bacterial species may exhibit proton binding behavior signifi-
cantly different from the averaged model; however, for modeling the
behavior of exudates in an environmental system in which a range of
bacterial species exist, the averaged calculated model parameters are
likely to yield a reasonable estimation, in the absence of data specifically
for the species present in the system.

The similarities in calculated pKa(i) values and site concentrations for
the exudates of these two bacterial species are interesting given the

Table 2
Calculated pKa(i) values and site concentrations (mol/g) from the 3-site model using forward and reverse data from potentiometric titrations on exudate solutions made with 100 g/L
B. subtilis in 0.1 M NaClO4.

Exudate titration pKa(1) [Site 1] pKa(2) [Site 2] pKa(3) [Site 3] V(Y)

Forward 1a 4.0 1.42×10−5 6.5 4.57×10−6 9.2 1.54×10−5 6.81
Forward 1b 4.0 1.38×10−5 6.7 4.80×10−6 9.2 1.51×10−5 5.97
Forward 2a 4.0 1.61×10−5 6.5 5.11×10−6 9.2 1.62×10−5 8.40
Forward 2b 4.0 1.57×10−5 6.6 5.15×10−6 9.3 1.60×10−5 7.78
Forward 3a 4.1 1.59×10−5 6.6 5.75×10−6 9.3 1.74×10−5 8.06
Forward 3b 4.1 1.54×10−5 6.6 5.78×10−6 9.3 1.78×10−5 7.70
Forward 4a 3.8 2.14×10−5 6.3 6.87×10−6 9.1 2.02×10−5 9.98
Forward 4b 3.9 2.10×10−5 6.5 6.81×10−6 9.1 2.04×10−5 8.08
Forward average 3.0±0.1 1.67±0.29×10−5 6.5±0.1 5.61±0.87×10−6 9.2±0.1 1.73±0.21×10−5

Reverse 1a 4.0 1.41×10−5 6.6 4.98×10−6 9.3 1.53×10−5 6.02
Reverse 1b 4.0 1.37×10−5 6.5 4.86×10−6 9.2 1.53×10−5 5.60
Reverse 2a 4.0 1.61×10−5 6.5 5.42×10−6 9.3 1.59×10−5 7.39
Reverse 2b 4.0 1.53×10−5 6.5 5.29×10−6 9.3 1.57×10−5 7.01
Reverse 3a 4.0 1.63×10−5 6.5 6.24×10−6 9.3 1.75×10−5 8.68
Reverse 3b 4.1 1.55×10−5 6.6 6.14×10−6 9.3 1.77×10−5 7.20
Reverse 4a 3.8 2.24×10−5 6.3 7.16×10−6 9.1 2.00×10−5 8.78
Reverse 4b 3.7 2.27×10−5 6.3 7.22×10−6 9.1 2.03×10−5 9.34
Reverse average 3.9±0.1 1.70±0.35×10−5 6.5±0.1 5.91±0.93×10−6 9.2±0.1 1.72±0.20×10−5

Combined average 4.0±0.1 1.68±0.31×10−5 6.5±0.1 5.76±0.88×10−6 9.2±0.1 1.73±0.20×10−5
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Fig. 6. Bacterial exudate pKa(i) values. Comparison of the calculated pKa(i) values for
a) B. subtilis and b) S. oneidensis exudate solutions made using 40, 80, and 100 g/L
bacterial concentrations and 0.01 (black), 0.1 (gray), or 0.3 (white) M NaClO4.
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differences in the cell wall structures of the bacteria that generated the
exudates.Gram-positive bacteria, suchasB. subtilis, have a framework of
peptidoglycan shaping the cell wall with teichoic and/or teichuronic
acid components joined to the peptidoglycan, whereas Gram-negative
bacteria, such as S. oneidensis, have a peptidoglycan layer in their
periplasm,which is covered by a lipopolysaccharide-phospholipid outer
layer (e.g., Beveridge, 1989). However, in spite of these differences in
cell wall structure, both the modeling and the FTIR data showed little
difference in the exudates from the two bacterial species. It may be that
the soluble organics, which likely include polysaccharides and DNA as
suggested by the FTIR spectra, are similar for exudates from a range of
bacterial species, leading to a ‘universal’ soluble fraction. This finding is
similar to that of Borrok et al. (2005) which shows that a single set of
‘universal’ pKa and site concentration values can be used to characterize
the proton binding of a range of Gram-positive and Gram-negative
bacteria, as well as a range of bacterial consortia (Borrok et al., 2005).

However, thebacterial exudates exhibit lower total site concentrations
(2.8–8.2×10−5 mol/g with an average of 5.68±2.08×10−5 mol/g)
compared to the bacterial cells that produced them. For example,
B. subtilis cells have total site concentrations of 1.75±0.24×10−4,
3.19±0.16×10−4, and3.44±0.16×10−4 mol/g in solutions of 0.01, 0.1,
and 0.3 M NaClO4, respectively (Borrok et al., 2005), which also show a
trend of increasing values with increasing ionic strength as do the
exudates studied here. The total site concentration for S. oneidensis cells
in 0.1 M NaClO4 is 3.9×10−4 mol/g (Mishra et al., 2010). Furthermore,
the average total site concentration calculated from 36 sets of
potentiometric titration data involving either bacterial species or
bacterial consortia is 3.2±1.0×10−4 mol/g (Borrok et al., 2005). Thus,
the total site concentration for bacterial cells varies over a relatively small

range, which is significantly higher than the range observed in this study
for bacterial exudates. The total site concentrations for the exudates are
closer to the total site concentrations calculated by Kaulbach et al. (2005)
from the algal species P. subcapitata (2.77±0.29×10−5 mol/g).

The bacterial exudate titration data and model results were also
normalized to g exudate per L and compared to data previously collected
for a range of EPS samples and humic substances. Previous titrations of
various EPS samples identifiedbetween two and six binding sites (Liu and
Fang, 2002; Guibaud et al., 2005; Braissant et al., 2007; Baker et al., 2010)
with total site concentrations ranging from 5.4 to 16.4×10−3 mol/g EPS
(Liu and Fang, 2002; Braissant et al., 2007; Baker et al., 2010). The
calculated average total site concentrations for the B. subtilis and the S.
oneidensis exudates in 0.1 M NaClO4 were 3.11±0.41×10−3 mol/g and
9.61±0.79×10−3 mol/g, respectively. Given the relatively large un-
certainties associated with the determinations of total exudate mass in
solution using our approach, the calculated exudate site concentrations
are similar to those of EPS.

Similarities were also observed between the calculated total
buffering capacities and total site concentrations of the bacterial
exudates and those of humic substances. For example, the total buffering
capacity from pH 4 to 9 of an aquatic humic acid collected fromWhitray
Beck (sample HH8 in Borrok and Fein, 2004) in a solution of
approximately 0.1 M ionic strength is 3.0×10−3 mol/g humic acid
(Lead et al., 1994). This value agrees within uncertainty with the total
buffering capacities calculated from pH 4 to 9 for both types of exudate
solutions in 0.1 M NaClO4 and averaged for the three starting
concentrations (1.72±0.25×10−3 mol/g exudate forB. subtilis exudates
and 4.61±0.62×10−3 mol/g exudate for S. oneidensis exudates). The
combinedaverage total site concentrations frompotentiometric titration

0.0E+0

1.0E-5

2.0E-5

3.0E-5

4.0E-5

5.0E-5

6.0E-5

30 40 50 60 70 80 90 100

g/L bacteria

si
te

 c
o

n
ce

n
tr

at
io

n
 (

m
o

l/g
)

0.0E+0

1.0E-5

2.0E-5

3.0E-5

4.0E-5

5.0E-5

6.0E-5

30 40 50 60 70 80 90 100

g/L bacteria

si
te

 c
o

n
ce

n
tr

at
io

n
 (

m
o

l/g
)

a b

0.0E+0

1.0E-5

2.0E-5

3.0E-5

4.0E-5

5.0E-5

6.0E-5

30 40 50 60 70 80 90 100

g/L bacteria

si
te

 c
o

n
ce

n
tr

at
io

n
 (

m
o

l/g
)

0.0E+0

2.0E-5

4.0E-5

6.0E-5

8.0E-5

1.0E-4

1.2E-4

30 40 50 60 70 80 90 100

g/L bacteria

to
ta

l s
it

e 
co

n
ce

n
tr

at
io

n
 (

m
o

l/g
)

c d

Fig. 7. B. subtilis exudate site concentrations. Comparison of the calculated site concentrations (moles of site per g bacteria) for B. subtilis exudates at a) site 1, b) site 2, c) site 3, and
d) total sites from solutions with 40, 80, and 100 g/L initial bacterial concentrations and 0.01 M (black), 0.1 M (gray), or 0.3 M (white) NaClO4.
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data of 8 humic acids and 9 fulvic acids in approximately 0.1 M ionic
strength solutions calculated by Borrok and Fein (2004) is 4.90±
1.07×10−3 mol/g humic substance, a value that agrees within uncer-
taintywith that calculated for theB. subtilis exudates (3.11±0.41×10−3

mol/g) and the S. oneidensis exudates (9.61±0.79×10−3 mol/g) in
0.1 M NaClO4. The similarity between the total site concentrations of
these humic and fulvic acids and the bacterial exudates probably arises
due to similarities in component organic acids present in the bacterial
exudates and the humic substances, and in fact bacterial exudates may
be constituents or precursors of humic substances (e.g., Visser, 1983;
Aiken et al., 1985; Stumm andMorgan, 1996; Kördel et al., 1997). Based
upon the similarities between the total buffering capacities and site
concentrations for the humic substances and bacterial exudates, it may
be that the tendencies of humic substances and bacterial exudates to
bind with aqueous metal cations are also similar.

4. Conclusions

Potentiometric titrations and chemical equilibriummodeling were
used to characterize the proton binding of bacterial exudates from

B. subtilis and S. oneidensis bacterial cells. The calculated total buffering
capacity of the bacterial exudates decreases with increasing ionic
strength for the B. subtilis exudates but increases for the S. oneidensis
exudates. Total site concentrations, which are likely related to buffering
capacity, also change with ionic strength following the same trends as
the buffering capacities. Calculated pKa(i) values and FTIR spectra,
however, do not vary significantly as a function of ionic strength or
bacterial type and concentration.

The total site concentrations calculated for the bacterial exudate
solutions are approximately an order of magnitude lower per gram of
bacteria than those calculated previously for a range of bacterial species.
These differences suggest that exudates, with their lower site
concentrations, are less efficient at binding protons and metals than
bacterial surfaces per gram of bacteria. However, bacterial exudates
exhibit remarkably similar proton binding capacities to humic sub-
stances. This similarity suggests that exudatesmay be a component or a
precursor to these humic materials, and that binding constants for
protons and metals with both exudates and humic and fulvic acids may
be similar as well. The concentrations and distribution of bacterial
exudates in the environment are not well established, and they may
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Fig. 8. S. oneidensis exudate site concentrations. Comparison of the calculated site concentrations (moles of site per g bacteria) for S. oneidensis exudates at a) site 1, b) site 2, c) site 3,
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Table 3
Calculated pKa(i) values and site concentrations (mol/g) averaged for all initial bacterial concentrations and ionic strengths for B. subtilis exudates, S. oneidensis exudates, and the two
types of exudates combined.

pKa(1) [Site 1] pKa(2) [Site 2] pKa(3) [Site 3] Total sites

B. subtilis exudate 4.0±0.3 2.40±1.12×10−5 6.6±0.5 9.96±5.44×10−6 9.2±0.1 2.39±0.71×10−5 5.79±2.23×10−5

S. oneidensis exudate 3.9±0.3 1.13±0.48×10−5 6.6±0.2 1.03±0.46×10−5 9.3±0.1 3.38±1.27×10−5 5.53±1.86×10−5

Exudates combined 3.9±0.3 1.85±1.10×10−5 6.6±0.4 1.01±0.51×10−5 9.3±0.1 2.82±1.10×10−5 5.68±2.08×10−5
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constitute a significant portion of the proton andmetal binding capacity
of the aqueous phase, especially in bacteria-rich systems such as soils.
The study of the effects and characteristics of bacterial exudates is in its
infancy. Thesemolecules can affect metal reduction, metal binding, and
mineral dissolution rates, and the binding properties determined in this
study provide a framework for understanding the mechanisms of how
bacterial exudates interact with other components in geologic and
engineered systems.
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